Abstract | The addition of X 3 Si-H or X 2 B-H (X = H, OR or R) across a C-C multiple bond is a well-established method for incorporating silane or borane groups, respectively , into hydrocarbon feedstocks. These hydrofunctionalization reactions are often mediated by transition metal catalysts, with precious metals being the most commonly used owing to the ability to optimize reaction scope, rates and selectivities. For example, platinum catalysts effect the hydrosilylation of alkenes with anti-Markovnikov selectivity and constitute an enabling technology in the multibillion dollar silicones industry . Increased emphasis on sustainable catalytic methods and on more economic processes has shifted the focus to catalysis with more earth-abundant transition metals, such as iron, cobalt and nickel. This Review describes the use of first-row transition metal complexes in catalytic alkene hydrosilylation and hydroboration. Defining advances in the field are covered, noting the chemistry that is unique to first-row transition metals and the design features that enable them to exhibit precious-metal-like reactivity . Other important features, such as catalyst activity and stability , are covered, as are practical considerations, such as cost and safety .
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). Modern society now relies on the transformation of abundant hydrocarbon feedstocks 2 into functionalized molecules for use as medicines, flavours and fragrances, materials, fuels and fine chemicals. The requisite alkenes and alkynes are in plentiful supply owing to the vastness of global natural gas deposits 3 . Transition-metal-catalysed hydrosilylations [4] [5] [6] and hydroborations 7, 8 are among the most widely studied and used transformations for the upgrading of commodity alkenes and alkynes. The importance of these reactions stems from the versatility and utility of the functionalized products. Both reactions are classed as hydrofunctionalizations, which involve the addition of a H atom and a functional group across the π-system of an unsaturated substrate (FiG. 1A) . The origins of these atom-economical processes can be traced back to hydrogenation, and the catalysts designed to mediate H 2 addition to alkenes and alkynes are later applied to other types of hydrofunctionalization processes. These reactions are mechanistically similar, and the catalytic cycles for each involves migratory insertion of the unsaturated C-C bond into a M-X (X = H, SiR 3 or BR 2 ) bond (FiG. 1B) .
Despite their mechanistic similarities, the applications of hydrosilylation and hydroboration differ substantially such that catalysts for each reaction should be evaluated according to different metrics. Alkene hydrosilylation is most commonly used in the industrial production of commodity silicones; its application in fine chemical synthesis is less common. The substrate scope of the reaction, especially with respect to the silane, is relatively narrow, and contemporary challenges in hydrosilylation research are typically related to catalyst selectivity, activity and fidelity. By contrast, alkene hydroboration is often performed on relatively small scales, such as in the preparation of fine chemicals and synthetic intermediates. Hydroboration catalysts should be evaluated on their ability to operate on a host of substrates and tolerate many functional groups. The differences in applications can be attributed to the role of the added functional group: in hydrosilylation, the Si group is typically part of the final product, whereas in hydroboration, the B group is a functional handle used to form a new C-C bond or to allow introduction of another group, such as an alcohol, amide, amine or halogen. Indeed, organoboron compounds are more amenable to subsequent conversions than are organosilicon compounds, whose transformations often require harsher reagents and conditions, such that these processes are more challenging and limited in scope 9 .
The differences between the applications of hydrosilylation and hydroboration reactions also demand different regioselectivity preferences from the catalyst for each type of reaction. The most useful silicones have the silicon substituent at the end of a hydro carbon chain, such that it is desirable for hydrosilylation to proceed with exclusive anti-Markovnikov regioselectivity. By contrast, hydroboration catalysts that enable different regioselectivities are invaluable for the construction of a diverse set of complex molecular targets. This Review highlights and contextualizes many of the recent developments in state-of-the-art catalysts with earth-abundant metals for both hydrosilylation and hydroboration. Although many of the early motivations for these studies focused on achieving precious metal-like reactivity with Fe, Co and Ni, there is now little doubt that first-row metals, when placed in the appropriate coordination environment, can compete with precious metals in terms of hydrofunctionalization activity and selectivity. More contemporary catalysts exploit the properties of the first-row metal and/or its ligand(s) to effect transformations unobserved for precious metal catalysts. As new first-row metal catalysts are discovered, it is important to contextualize their importance by considering how the products are ultimately used.
Alkene hydrosilylation
The industrial importance of alkene hydrosilylation has motivated research efforts -conducted both in academic and industrial spheres -targeting improved catalysts for these transformations. We now provide a brief overview of the commercial products that come from this transformation, before describing the state-of-the-art Pt catalysts mediating the reactions. This overview leads into our discussion of alternative catalysts based on earth-abundant transition metals.
Industrial motivations for contemporary innovation.
In terms of economic volume, metal-catalysed alkene hydrosilylation is one of the largest-scale applications of homogeneous catalysis and is an enabling transformation in the silicones industry [4] [5] [6] . Alkene hydrosilylation affords organosilicon products used as performance enhancers in a diverse array of consumer products, such as cosmetics 10 , car tyres 11 , contact lenses 12 , textiles 5 and paints 5 . Organosilicon compounds are also used as agricultural adjuvants 10 and as release coatings for labels and tapes 13 (FiG. 2) . For example, the importance of (n-octyl)Si(OEt) 3 in enhancing the performance of masonry products and glass sees it produced on a large scale (>6,000 tonnes per annum) 5 . It is also used as a pene trating sealer that dramatically improves the weather resistance of highways, bridges and runways 14 . It is likely that every reader of this Review has interacted with or used a product of hydrosilylation within the last 24 h.
For the past five decades, the silicones industry has relied on precious metal catalysts -typically containing Pt, Rh, Ir or Ru -to promote hydrosilylation 15 . Speier's discovery that H 2 [PtCl 6 ]·xH 2 O (FiG. 2c) is an effective catalyst for alkene hydrosilylation 16, 17 was a transformative breakthrough in the field and initiated the widespread implementation of Pt catalysis in the silicones industry 6 . The long induction periods associated with Speier's catalyst, as well as its poor solubility in polysiloxane mixtures, motivated the development of other catalysts, of which the most widely established and widely used were introduced by Karstedt 3 ] exhibited improved activity, selectivity and solubility in polysiloxanes 6 . The dissociation of the M vi M vi ligands provides a pathway for the formation of Pt nanoparticles that give rise to unwanted side reactions, including alkene hydrogenation, isomerization and dehydrogenative silylation, resulting in increased product cost and waste, as distillations are required to achieve the desired purity of the final product 18 . Colloidal Pt also contributes to discoloration of the product, lowering the overall quality of the silicone 17 . To suppress the formation of nanoparticles, Markó introduced strongly coordinating ligands into the Pt catalysts, with the N-heterocyclic-carbene-supported variants proving the most effective 19, 20 (FiG. 2c) . The three major industrial products of preciousmetal-catalysed hydrosilylation are functional silanes, silicone release coatings and silicone rubbers 15 . The different quality requirements of each silicone mean that there are distinct catalyst attributes desirable for each application. Functional silanes can be purified by distillation from heavy-organosilicon waste streams, and the easy separation of the Pt catalyst means that it can be readily recycled and contributes little to the overall process cost 21 . Thus, the chemoselectivity and regioselectivity of the catalyst become more important than its cost. In the case of silicone release coatings and rubbers, the morphology and viscosity of the product prohibit recovery of the Pt catalyst, and approximately 5.6 tonnes of Pt were consumed by the silicones industry in 2007 (REF.
22
).
Clearly, this is an application in which the development of inexpensive catalysts would have an impact.
Earth-abundant transition metal catalysts for alkene hydrosilylation. The substantial contribution of the cost of Pt catalysts towards the market price of silicones has long been recognized. Other motivations to shift to earth-abundant metal catalysts include the price volatility associated with the precious metals market, the toxicity of heavy metals and the environmental damage caused by mining rare elements from the Earth [23] [24] [25] . Contemporary developments in the discovery of firstrow transition metal catalysts for alkene hydrosilylation have recently been reviewed 26, 27 and are not presented in detail here. The majority of earth-abundant metal catalysts for alkene hydrosilylation use primary and secondary silanes. The resulting silane and silicone products are often not of commercial use because the presence of residual Si-H bonds limits their stability. Accordingly, this Review largely focuses on alkene hydrosilylation involving industrially relevant tertiary silanes, transformations that can be effected by precatalysts of the form [( R PDI)Fe(N 2 ) 2 ] (where R PDI denotes 2,6-diiminopyridine, with R representing the substituents at the imine N atoms) or (α-diimine)Ni complexes. Important advances in the design and application of these (and other) earth-abundant metal catalysts are highlighted, and a critical analysis of the important metrics for commercialization and the unique chemistry unavailable with known precious metal catalysts is offered.
The first reported example of Fe-catalysed alkene hydrosilylation involved the addition of tertiary silanes to terminal alkenes at 100-140 °C in the presence of [Fe(CO) 5 ]. Such conditions yield mixtures of hydrosilylation and dehydrogenative silylation products 28 , the formation of which is mediated by [Fe(CO) 3 ], the active form of the catalyst 29, 30 . Once the active species was identified, sustained near-UV pulses were used to convert the precatalyst into [Fe(CO) 3 
33
). The synthesis of PDI ligands is both straightforward and modular 34 , such that one can easily prepare several sterically and electronically distinct catalysts. For example, introducing different substituents at the 4-position of the pyridine can perturb the 1e − redox potentials by over 400 mV 35 . (FiG. 3A, 1) , which is active for the hydrosilylation of terminal alkenes. Indeed, 1-hexene and styrene underwent exclusive anti-Markovnikov hydrosilylation with PhSiH 3 in the presence 0.3 mol% 1 at 22 °C with no evidence of alkene isomerization or dehydrogenative silylation. No reaction was observed when the tertiary silane Et 3 SiH was used in place of PhSiH 3 . The related catalyst 2, which features Ph groups in place of imine Me, was superior with respect to the hydrosilylation of 1-hexene with PhSiH 3 (REF. 35 ).
However, 2 proved less active than 1 for reactions of sterically bulky substrates, such as cyclohexene, because 2 underwent conversion into inactive species that feature η 6 coordination of the aryl substituents to Fe (REF.
37
As Pt prices began to increase in the mid-to-late 2000s, silicone manufacturers again became interested in more inexpensive alternatives to Pt catalysts. Complexes of Ni (REF. 38 ) and Pd (REF. 39 ) were inferior to Pt species in terms of activity and selectivity. These shortcomings highlighted the uniqueness of 1, and our 2004 paper 36 attracted the attention of Momentive Performance Materials, a company with which we initiated a highly productive academic-industrial collaboration in 2008.
One early challenge we faced in using (PDI)Fe catalysts is their poor reactivity towards the most industrially relevant substrates, namely, tertiary alkoxy-substituted and siloxy-substituted silanes. Given that complexes with the smallest substituents in the 2-position and 6-position of the N-aryl groups exhibited the highest activity in alkene hydrogenation 40 . c | Speier's catalyst requires long activation periods and is poorly soluble in hydrophobic reaction mixtures 16, 17 . Superior catalysts include the reduced Pt species introduced by Karstedt 6 and Markó 19, 20 . 3 SiH and 1-octene revealed that 1, in fact, promoted highly effective anti-Markovnikov hydrosilylation. It was also found that Si-H moieties in silanes bearing alkoxy substituents were more reactive than those in silanes bearing only alkyl groups 41 . Some of the most commercially important hydrosilylation reactions are presented in FiG. 3B . For example, the siloxane derived from 1-octene and MD'M (FiG. 3Ba) is prepared on a large scale (~6,000 tonnes per annum) and is used to enhance cosmetic formulations and to weatherproof masonry products, metal oxides and glass 5 . Several of these reactions were efficiently enabled by Fe catalyst 3, which does not promote side reactions such as alkene isomerization, hydrogenation or dehydrogenative silylation -processes that commonly consume up to 20% of the feedstocks when Pt catalysts are used 41 ( FiG. 2b) . Performing the hydrosilylation of 1-octene with either (EtO) 3 SiH or Et 3 SiH required a higher catalyst loading (500 versus 200 ppm), and the resulting products find application as filler treatments 14, 42 and textile finish lubricants 43, 44 , respectively (FiG. 3Bc,Bd) . Again, exclusive anti-Markovnikov selectivity was observed, and this turns out to be a hallmark of (PDI)Fe catalysts. High selectivity was also obtained with styrene (FiG. 3Bb) and allyl poly(ethylene glycol) substrates (FiG. 3Be) , both of which are notorious for undergoing undesired alkene isomerization (and, in the case of styrene, Markovnikov addition) with commercial Pt catalysts 45 . In the United States, polyethers are manufactured on a scale of approximately ~2,000 tonnes per annum. The hydrosilylated products described in this paragraph fall under the category of functional silanes 15 , and the final products can be purified by distillation, allowing for the catalysts to be recovered, reprocessed and recycled. In these cases, high selectivity is more important than catalyst cost, as the former would allow one to avoid distillation, an energy intensive and costly procedure.
The crosslinking of silicone monomers to form silicone fluids is one of the high-volume applications of metal-catalysed alkene hydrosilylation 15 . The silicone products have excellent adhesion and clean release properties, such that they find widespread use as linear coatings in labels, tapes and stamps 13, 22 . The high viscosity of the silicone product makes economic recovery of the Pt catalyst almost impossible; the lost precious metal contributes to approximately 25-30% of the overall cost of the product. Silicone manufacturing would clearly benefit from the availability of an inexpensive catalyst. Earth-abundant metals may be prominently featured in such catalysts, but as we will outline in a later section, there are many other factors that contribute to catalyst cost. Earth-abundant metal catalysts have indeed proved effective in the preparation of silicone fluids; Fe precatalyst 3 promoted the crosslinking of the two most common silicone fluids, SL6020 and SL6100 (the historical trade names of these materials are used for consistency), to give a product with properties nearly identical to those of a commercial material prepared using Pt catalysis 41 (FiG. 3Bf) . The Fe catalyst accelerated the reaction at a similar rate to that of the Pt catalyst, while operating under the conditions typically used for commercial crosslinking reactions. Using Fe precatalyst 3 (500 ppm), complete crosslinking was observed after 2 h at room temperature. By comparison, the Pt catalyst loadings vary (25-150 ppm) , although at moderate temperatures (93-141 °C), the reaction proceeds over similar times (1.6-2.3 h) 46 . Despite this tremendous breakthrough in matching state-of-the-art Pt catalysts with Fe, several limitations of the latter catalyst were identified. First, the silicone products formed using the Fe catalyst have a slightly yellow discoloration, attributed to trace PDI, which is a strong visible-light chromophore. Second, 3 is highly sensitive to air, which poses real practical problems. These arise because for many release coatings of this type, the Pt-catalysed hydrosilylation is engineered to occur at a rate commensurate with the application. For example, in the synthesis of labels, the hydrosilylation occurs as the backing of the label is being prepared -in air. These essential features must be replicated for any catalyst to replace Pt technology.
One advantage of PDI-based catalysts is their steric and electronic modularity, properties that have been exploited to solve an interesting contemporary challenge in metal-catalysed hydrosilylation: the selective hydrosilylation of 1,2,4-trivinylcyclohexane 47 (TVCH, . Bb | The exclusive anti-Markovnikov hydrosilylation of styrene was achieved with 3 without competing Markovnikov addition, typically observed with commercial Pt catalysts 45 . Bc | The hydrosilylation of 1-octene and HSi(OEt) 3 was catalysed by 3 to yield a primary silane product that finds application as a filler treatment 14, 42 . Bd | The hydrosilylation of 1-octene and HSiEt 3 was catalysed by 3 to yield a primary silane product that finds application as a textile finish lubricant 43, 44 . Be | The hydrosilylation of poly(ethylene glycol) with HSi(OSiMe 3 ) 2 Me using 3 afforded exclusively the terminal product without giving undesired alkene isomerization 45 . Bf | Crosslinking of the two commercial silicone fluids, SL6020 and SL6100, using 3 afforded the desired crosslinked product, with properties nearly identical to the commercial product prepared using Pt catalysis 41 . Bg | The selective hydrosilylation of the 4-vinyl group of 1,2,4-trivinylcyclohexane (TVCH) with HSi(OEt) 3 was achieved with Fe complex 4, in which the resulting product finds useful application in lowrolling-resistance tyres. With Karstedt's and Speier's catalysts, mixtures of multiple silylation products were obtained in the hydrosilylation of TVCH with HSi(OEt) 3 (REF.
47
Bh | The (terpyridine)Fe complex 5 promotes the effective hydrosilylation of vinylcyclohexene oxide without ring opening of the epoxide 48 , affording a product that is used commercially as a high-performance coating for glass, wood, leather and plastics 49 . Bi | The hydrosilylation of allyl glycidyl ether with HSi(OEt) 3 using the air-stable Co precatalyst compound 6 afforded the commercial epoxy functional silane product 65 , which is used as an adhesion promoter for caulks, sealants, adhesives and coatings Commercial samples of this triene are typically composed of four stereoisomers. Addition of a Si-H fragment of an alkoxysilane to the 4-vinyl group is desirable as it would leave two adjacent vinyl groups intact and available for subsequent functionalization. Indeed, they undergo crosslinking on treatment with S 8 , affording a rubber matrix used in low-rolling-resistance tyres. When mixtures of TVCH and silanes are exposed to Karstedt's and Speier's catalysts, mixtures of multiple silylation products are obtained. This poor regioselectivity leads to considerable waste and requires the use of fractional distillation 4 . Fe catalyst 1 proved highly active and selective for the single addition of MD'M or (EtO) 3 SiH to TVCH at the 4-vinyl group 47 . Catalysts with substituents smaller than 2,6-diisopropylphenyl were less selective because they also promote competing disilylation. However, 1 was improved by introducing an NMe 2 group at the 4-position of the pyridine to afford electron-rich catalyst 4 (FiG. 3A) .
Beyond PDI, other tridentate ligands have also been incorporated into Fe catalysts for hydrosilylation. Indeed, Fe dialkyls bearing either 2,2′:6′,2′′-terpyridine (terpy), 2,6-bis(2-oxazolinyl)pyridine or PDI were prepared and evaluated as precatalysts for the hydrosilylation of 1-octene with MD'M and (EtO) 3 SiH (REF.
48
Only [(terpy)Fe(CH 2 SiMe 3 ) 2 ] (FiG. 3A, 5 ) was active and only on heating the reaction mixture to 60 °C. Notably, this precatalyst also promoted the addition of MD'M to vinylcyclohexene oxide without opening of the epoxide (FiG. 3Bh) , affording a commercial product used in highperformance coatings for glass, wood, leather and plastics 49 . This reactivity, to the best of our knowledge, remains unique among first-row transition metal alkene hydrosilylation catalysts.
Since these initial discoveries, ligands bearing three N donor atoms (NNN-type pincers) have been widely applied in Fe-catalysed alkene hydrosilylation. For example, ketimine-type 6-imino(2,2′-bipyridine) ligands have been evaluated in the hydrosilylation of 1-octene with PhSiH 3 , Ph 2 SiH 2 and PhMeSiH 2 as well as alkoxysilanes. In each case, the {Fe[imino(2,2′-bipyridine)] Br 2 } precatalyst was activated in situ using the reductant NaBEt 3 H (REF.
50
), after which it exhibited high activity as well as tolerance to remote amino, chloro and thioether functional groups.
Catalyst development: new reactivity modes and overcoming challenges to implementation. The discovery of reduced (PDI)Fe complexes represented a milestone in both alkene hydrosilylation and earthabundant transition metal catalysis. Catalytic studies using these complexes were among the first to demonstrate that first-row transition metals could compete with or even outperform precious metals in alkene hydrosilylation 36, 41 . Despite these advances, commercial implementation is hindered by considerable challenges, not least the extreme air and moisture sensitivity of these compounds. Towards simpler catalyst handling, the Cornell-Momentive team found that ferrous dihalides of the type [(PDI)FeX 2 ] could be activated in situ using an appropriate reducing agent 51 (FiG. 4a) . In fact, our laboratory utilized this approach in our initial communication of the Fe-catalysed [2 + 2] cycloaddition of α,ω-dienes, thereby demonstrating the effectiveness of NaBEt 3 H in such protocols 51 . In 2010, the CornellMomentive team explored and patented a method using a variety of reductants including metal hydrides, alkoxides and alkyls to activate the Fe(II) precatalysts for hydrosilylation 52 . A host of activators were identified, but any activator sufficiently reducing to generate active (PDI)Fe catalysts also effected the disproportionation of alkoxy-substituted silanes to give SiH 4 -a pyrophoric side product 52 . These methods and the associated safety hazards are well documented [53] [54] [55] [56] , and this reductive activation approach has been largely abandoned because the generation of even relatively small amounts of SiH 4 is unacceptable on an industrial scale. Nevertheless, this route has been widely applied 57 , including in highthroughput screening 58 . A reinvestigation of the process in 2017 indeed showed that activation with KO t Bu generates SiH 4 gas 59 , which could be identified by analysing the hydrosilylation reaction mixture using 29 Si NMR spectroscopy 59 . Extreme caution should be exercised when using these in situ activation procedures. . b | Switching the metal from Fe to Co allows more modular catalyst synthesis but also switches the reactivity to dehydrogenative silylation 62 . c | Substrate-activated, air-stable metal carboxylate precursors provide the advantage of easy precatalyst handling without the possibility of hazardous alkoxysilane disproportionation 65, 69, 77 . d | The use of commercially available, inexpensive ligands for base metal precursors considerably decreases catalyst cost but does so at the expense of catalyst activity 38, 71, 73 . . Ab | The dehydrogenative silylation of poly(ethylene glycol) with MD'M using Co complex 7 afforded the allylsilane product 62 . Ac | Remarkably , using an internal alkene, such as 4-octene, in the dehydrogenative silylation reaction with MD'M using 7 furnished the same allylsilane product 62 . Ad | The dehydrogenative silylation reactivity was applied to the crosslinking of silicone fluids to tether two poly(dimethyl)-poly(methylhydro)siloxanes together with a well-defined carbon chain 62 . B | The proposed mechanism for the dehydrogenative silylation of olefins catalysed by Co complex 7 involves precatalyst initiation by the silane to the active Co silyl intermediate. Selective 2,1-insertion of the alkene, β-H elimination directed away from the large silyl substituent to form a Co hydride and the allylsilane product, and subsequent alkene insertion and reaction of the silane to the resulting Co alkyl to regenerate the Co silyl intermediate accompanied by alkane release then complete the catalytic cycle 62 . C | Large substituents on the imine promote unimolecular dehydrogenative silylation, whereas small substituents promote bimolecular reaction with the silane (hydrosilylation) 65 .
The extreme dangers associated with the in situ activation of Fe catalysts using strong reductants have motivated investigations into alternative strategies to simplify the handling of catalysts in air. (FiG. 4b, 7) , a chelate similar to one of the most active Fe catalysts 41 , promotes the highly selective dehydrogenative silylation of linear α-olefins with either MD'M or (EtO) 3 SiH to yield allylsilanes 62 (FiG. 5Aa,Ab) . Remarkably, using internal alkenes gives the same products -allylsilanes with the silicone group located at the end of the hydrocarbon chain (FiG. 5Ac) . In each case, the starting alkene serves as the H 2 acceptor and is converted into the corresponding alkane. Applying this reactivity to the crosslinking of silicone fluids allows abundant alkenes to serve as functional equivalents of α,ω-dienes to tether two poly(dimethyl)-poly(methylhydro)siloxanes together with a well-defined carbon chain (FiG. 5Ad) . The applications of allylsilanes have yet to be fully explored in the silicones industry. This is perhaps because dehydrogenative silylation, despite having been known for decades, often unavoidably gives mixtures of vinylsilanes and allylsilanes. This may be set to change given the exclusive allylic selectivity shown by 7, which enables the conversion of readily available starting materials into versatile products with potentially unique applications. For example, allylsilanes are attractive building blocks for organic synthesis, being readily oxidized to allylic alcohols or serving as allyl transfer agents in C-C bond-forming reactions 63 . The distinct behaviour exhibited by Co complexesnamely, dehydrogenation and allylic selectivity -has been the subject of a mechanistic study 62 that aimed to better understand the reactivity, such that one could tune the system to favour hydrosilylation over dehydrogenative silylation. The data support a pathway involving conversion of the Co alkyl precatalyst into its active Co silyl form (FiG. 5B) . Selective 2,1-insertion of the alkene, followed by β-H elimination directed away from the large silyl substituent, releases the allylsilane and generates a Co-H species. Insertion of the alkene substrate into the Co-H bond and H transfer from the silane to the alkyl generate the observed alkane product and account for the hydrogen balance in the catalytic reaction. Rather than undergoing β-H elimination, the Co alkyl can be intercepted by the starting silane (FiG. 5C) -a hydrosilylation process that has also been observed for catalysts featuring Co(C 5 Me 5 ) fragments 64 . (FiG. 5C) . Indeed, the latter promoted the hydrosilylation of 1-octene with (EtO) 3 SiH; no allylsilane dehydrosilylation product was detected 65 .
Co complexes of other ligands are also able to selectively mediate hydrosilylation over dehydrogenative silylation. For example, air-stable [Co(β-diketiminato) Cl] precatalysts, when activated with alkyllithiums, Grignard reagents or KO t Bu, promote the hydrosilylation of 1-hexene with PhSiH 3 (REF.
66
). However, the use of the air-sensitive, isolated Co(I) precatalysts was required for the same transformation using (EtO) 3 SiH. As we described above for (PDI)Fe catalysts, the activators interfere with the reaction because they effect the disproportionation of alkoxysilanes. The air-sensitive Co(I) precatalysts can take the form of arene or N 2 complexes, and the latter have been shown to be effective precatalysts for the hydrosilylation of alkenes with industrially relevant tertiary silanes 67 . Knowing the ligand design needed to promote Co-catalysed hydrosilylation over dehydrogenative silylation allows us to focus on a more practical problem: how can we develop air-stable catalysts that do not require external activators that promote disproportionation of the silane reagent 65 ? One of the most inexpensive sources of Co is Co(OAc) 2 , an air-stable salt that, in combination with phosphines, furnishes active catalysts for hydroboration and limited examples of C(sp 2 )-H borylation 68 . The borane reagent serves not only as a substrate for the catalytic reaction but also as an activator that reduces Co(II) to the active Co(I) form. In terms of hydrosilylation, it was thought that silanes may serve a similar activating role, such that one can use air-stable carboxylates of the form [(PDI)Co(RCO 2 ) 2 ] in alkene hydrosilylation (FiG. 4c) (FiG. 4c, 10) was isolated 65 and shown to be an effective precatalyst for the hydrosilylation of 1-octene with (EtO) 3 SiH. However, the poor solubility of the complex means that the reaction mixture must be heated at 80 °C, a temperature at which the hydrosilylation:dehydrosilylation selectivity was only 87:13. More soluble carboxylate complexes, such as those of 2-ethylhexanoate (FiG. 4C, 9) , were more active and selective for hydrosilylation. Encouragingly, exposure of the solid catalyst to air for 18 h did not affect its performance. 2,6-Bis(2-oxazolinyl)pyridine and its analogue 2,6-bis(3,4-dihydro-2H-pyrrolyl)pyridine ( TF APDI) can also be incorporated into effective catalysts (FiG. 3A, 6 ) amenable to a wide range of alkene and tertiary silane substrates. For example, the hydrosilylation of an allyl glycidyl ether with (EtO) 3 SiH was possible on a 10 g scale using just 50 ppm Co (REF. effective in the crosslinking of siloxane polymers 65 . The
Me APDI ligand was prepared in a single step by condensing MeNH 2 with 2,6-diacetylpyridine 65 . The corresponding Co(II) precatalyst 9 effected silicone crosslinking, although only at elevated temperature (80 °C) and when present in relatively high loadings (55 ppm), the latter resulting in slight product discolouration. By contrast, TF APDI is relatively challenging to prepare from commercially available materials through a low-yielding, three-step synthetic sequence. However, the resulting Co precatalyst 6 was more active for silicone crosslinking and operated at ambient temperature at only 1 ppm loading 65 , which gave a colourless silicone product indistinguishable from the material made using a Pt catalyst. Thus, there is a trade-off between catalyst activity and cost. With respect to the latter, these results highlight that the necessity for specialist ligand synthesis and purification usually contributes more to overall cost than does the difference in cost between transition metal precursors. Supporting the metal with simple, substitutionally labile ligands, such as alkenes, that can be removed by hydrosilylation obviates the need for ligand synthesis and greatly reduces the overall catalyst cost (FiG. 4d) . In the present context, the most prominent example is the M vi M vi ligand in Karstedt's catalyst. The Fe (REF.
71
) and Ni (REF. . By contrast, only 200 ppm (0.05 mol%) of PDI catalyst 3 was needed to achieve full conversion at room temperature after 15 min (REF.
41
) (FiG. 3Ba) .
Returning to pincer-supported precatalysts, the dihalidocobalt(II) and dicarboxylatocobalt(II) complexes of PDI and related NNN-donor ligands have been investigated for the hydrosilylation of terminal alkenes and dienes with PhSiH 3 , Ph 2 SiH 2 and PhMeSiH 2 (REF. 74 ).
The relatively dangerous NaBEt 3 H activation procedure was used for the halido complexes 52 . The milder silane activation methodology was possible in the case of N-heterocyclic carbene-supported bis(amido)cobalt(II) complexes, which are converted into Co(I) species that are highly active catalysts for the addition of 1-octene and other alkenes to (EtO) 3 SiH (REF. 75 ). However, the sensitivity of the bis(amido)cobalt(II) precatalysts to air has yet to be reported.
The periodic relationship between Pt and Ni has long inspired the search for hydrosilylation catalysts based on the less expensive and more terrestrially abundant first-row metal. 38 . Recent efforts making use of more specialized co-ligands resulted in improvements in selectivity, principally with arylsilanes 6 . Most notably, a Ni complex of a NNN-pincer effects hydrosilylation of a range of alkenes with Ph 2 SiH 2 (REF.
76
). Despite these advances, selective anti-Markovnikov hydrosilylation using commercially relevant combinations of alkene and silane remains largely elusive.
Perhaps because of the success of dicarboxylatocobalt(II) complexes, many catalyst screening studies have been performed with the corresponding Ni(II) carboxylates. Bidentate aryl-substituted and alkyl-substituted α-diimine (DI) ligands are inexpensive, easy to prepare and form Ni(DI) fragments that are isoelectronic to active Fe(PDI) species. Combining the 2,6-diisopropylphenyl-containing ligand dipp DI with hydrocarbon-soluble Ni(II) carboxylates produced highly active and anti-Markovnikov-selective catalysts for the hydrosilylation of 1-octene with tertiary alkoxy-substituted and siloxy-substituted silanes 77 3 SiH]) and deuterium labelling studies were consistent with a pathway involving fast and reversible alkene insertion followed by turnover-limiting C-Si bond formation 77 . This mechanism, which involves Ni(II) intermediates featuring radical ligands, is quite distinct from the well-established Chalk-Harrod mechanism by which Pt catalysts operate 79, 80 (FiG. 6) . The Ni-catalysed hydrosilylation of 1-octene with (EtO) 3 SiH was scaled to 10 g with 96% yield of n-octylsilane (>98% anti-Markovnikov selectivity) using 1 mol% of Ni(2-ethylhexanoate) 2 and 1 mol% of the dipp DI ligand. By comparison, Karstedt's catalyst (2.5 ppm) affords 93.7% of the desired product after 1 h, albeit at a higher temperature of 70 °C (REF.
81
). The air-stable Ni(II) carboxylate-DI precatalyst system also effected silicone crosslinking at ppm loadings to give a clear and colourless product 77 . The present system is a success story of earth-abundant homogeneous metal catalysis, making use of inexpensive ligands and air-stable precursors to afford activity and anti-Markovnikov selectivity comparable or superior to Pt catalysts.
Given the activity of Ni catalysts in hydrogenation, it is perhaps no surprise that they also catalyse the hydrosilylation of alkenes and alkynes with chlorosilanes at high temperatures, although dechlorination of the silane is observed in some cases 82 . In addition to well-defined, molecular precursors, heterogeneous Ni catalysts have also been explored for alkene and diene hydrosilylation. For example, Ziegler-type conditions involving the activation of [Ni 3 (acac) 6 ] with AlEt 3 enable the hydrosilylation of 1,3-dienes and terminal acetylenes 83 . More recently, a similar protocol made use of [Ni 3 (acac) 6 ] and related precatalysts, which, when activated with NaBEt 3 H, effected 1,3-diene hydrosilylation 84 .
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Less tractable mixtures containing reduced Ni and various salts can be generated from Ni(II) alkoxides and tertiary silanes. These catalytic formulations are active for the hydrosilylation of 1-decene and other terminal and internal alkenes with (MeO) 3 SiH (REF. 85 ). We note that special care should be exercised with this silane owing to its propensity to undergo disproportionation to SiH 4 , even when stored in a glass bottle 53 .
Conclusions and outlook in alkene hydrosilylation
with earth-abundant transition metals. The past decade has witnessed transformative advances in the area of alkene hydrosilylation catalysed by earth-abundant first-row transition metals. Given the scale and practical importance of transition metal catalysis in the silicones industry, attempts have been made over several decades to find more inexpensive alternatives to Pt (REF.
28
). Early generation catalysts were plagued by impractical or challenging modes of catalyst activation, poor selectivity and low activity. The introduction of potentially redox-active and non-innocent 33 pyridine(diimine) provided the first examples of Fe catalysts that could compete with precious metals. The growing commercial interest in Fe catalysts led to the identification of considerable obstacles to their industrial implementation. Both here and in general, the cost of a catalyst extends far beyond the price of the transition metal; ligand synthesis and, most importantly, handling must be economical and practical if earth-abundant transition metals are ever to replace the incumbent Pt catalysts. Complexes that require multistep ligand synthesis, specialized starting materials or handling in a glovebox will ultimately be more expensive than simple sources of Pt in the current market. Only if the (rather volatile) prices of precious metals greatly increase would there be any commercial interest in synthetically more advanced or fragile catalysts.
The initial reports of the (PDI)Fe catalysts were followed by the evaluation of scores of metal-ligand combinations and a variety of catalyst activation modes in hydrosilylation reactions 36, 41 . The diversity of structures that support active catalysts with Fe, Co and Ni for this reaction is remarkable. Despite this progress, substantial challenges remain. Much is often made of substrate scope, and while alkene hydrosilylation may evolve into a valuable synthetic method 27 , the primary application of the reaction is in the silicones industry. Many important commercial reactions have yet to be successfully addressed with first-row transition metal catalysts. Chlorosilanes are widely used in Pt-catalysed hydrosilylation but are incompatible with almost all known non-Pt catalysts 5 . Likewise, the hydrosilylation of vinyl chloride or allylic halides remains problematic 5 . Recent related advances in Fe-catalysed hydrogen isotope exchange 86 , Co-catalysed C-H borylation 87, 88 and alkene hydrogenation 61 suggest that hydrosilylation catalysts with broader functional-group tolerance will soon be within reach.
The use of first-row transition metal catalysts in alkene hydrosilylation may lead to mechanistic pathways distinct to the Chalk-Harrod pathway operative for Pt catalysts. Although early Fe and Co carbonyl catalysts likely operate by Chalk-Harrod or modified ChalkHarrod pathways 64 , complexes bearing redox-active ligands have different reactivity. For example, oxidative addition reactions can involve the metal and ligand each undergoing 1e − oxidation 89 . Understanding these cooperative processes and exploiting 1e − chemistry as a distinct feature of first-row transition metal catalysis may ultimately offer reactivity unavailable with heavier transition elements.
Alkene and terminal alkyne hydroboration
In contrast to hydrosilylation, the hydroboration reaction can, for certain substrates and conditions, proceed without a catalyst. We now briefly describe some such examples before moving on to the catalysts employed when needed. As with our discussion on hydrosilylation, we first comment on the precious metal catalysts before introducing the base metal catalysts that we ultimately hope will replace these.
Uncatalysed and catalysed alkene hydroboration.
Hydroboration, a landmark discovery reported in 1956 by H. C. Brown 90 , opened new opportunities in organic synthesis, particularly with respect to the regioselective hydrofunctionalization of alkenes and alkynes. With highly reactive boranes such as diborane (B 2 H 6 ), the borane-tetrahydrofuran complex (BH 3 ·THF) and commonly used alkylboranes such as 9-borabicyclo[3.3.1] nonane (9-BBN), these reactions are highly exergonic and typically do not require a catalyst 91 . Examples with BH 3 ·SMe 2 and 9-BBN applied to complex molecule synthesis are numerous and include lonomycin A 92 , an antibiotic, and nebivolol 93 , a blood-pressure-lowering agent, respectively. In these examples, the intermediate trialkylboranes were immediately oxidized without isolation owing to their high reactivity, extreme air sensitivity and incompatibility with purification by chromatography. Dialkoxyboranes such as catecholborane (HBcat) and pinacolborane (HBpin), the latter being most common, offered improved stability and handling but are sluggish to add to alkenes and alkynes and often do not undergo hydroboration in the absence of catalysts owing to the diminished electrophilicity of the B atoms 94 (FiG. 7) . The discovery of transition metal catalysts for alkene and alkyne hydroboration with stabilized dialkoxysubstituted boranes is attractive, as the resulting alkylboronate ester products are air-stable, bench-stable and compatible with chromatographic purification. Perhaps more importantly, the opportunity for transition metal catalysts to impart chemoselectivity, regioselectivity and enantioselectivity 7, 8, 95 , coupled with the immensely rich reactivity of organoboron compounds, makes transition-metal-catalysed hydroboration an enabling tool for the synthesis of fine chemicals that may find promising applications in the pharmaceutical, petroleum and fragrance industries (FiG. 7) . Although many may view alkene and alkyne hydroboration as a mature area and perhaps even a solved problem, this section of the review highlights the many new opportunities to access desirable organoboronate building blocks that open new avenues in synthesis.
Overview of precious-metal-catalysed alkene hydroboration. As is the case with hydrosilylation, considerable effort has been devoted to precious-metal-catalysed alkene hydroboration. A landmark in this chemistry came with a seminal report describing the application of [(Ph 3 P) 3 RhCl] (Wilkinson's catalyst) in the addition of HBpin to alkenes 96 . This report was followed by extensive catalyst development to improve the mechanistic understanding in order to broaden the scope and applications of the reaction. We now illustrate the state-of-the-art in the field, presenting only selected findings that highlight the unmet needs of the process and the opportunities for earth-abundant transition metal catalysis. Readers seeking a more historical and comprehensive background are referred to other useful review articles 7, 8, 91, 94 . The hydroboration reactivity patterns exhibited by several precious metal precatalysts (including [(Ph 3 P) 3 RhCl] and [Ir (1,5- (FiG. 8Ba) , while vinylarenes can be converted into linear 97 and branched products 98 (FiG. 8Bb) , the latter possibly in an enantioselective fashion 99 . The hydroboration of 1,2-disubstituted linear alkenes, such as 4-hexene, proceeds with internal selectivity 100 , although isomerization-hydroboration of such alkenes can also proceed to afford terminally functionalized products 97, 101, 102 (FiG. 8Bc) . The latter process can be catalysed by partially oxidized Rh that is present in or generated from [(Ph 3 P) 3 RhCl] (REFS 97, 103, 104 ). Hydroborations of monosubstituted cyclohexenes can proceed in a diastereoselective and directed manner to yield either a 1,3-anti-isomer (FiG. 8Bd) or a 1,3-syn-isomer (FiG. 8Be) when using Rh and Ir catalysts 95 , respectively. Similar directed hydroborations can also be effective with acyclic alkene substrates 95 (FiG. 8Bf) Uncatalysed alkene hydroboration is widely used in the synthesis of complex molecules owing to its predictable anti-Markovnikov selectivity and incredibly high efficiency. However, the resulting trialkylborane products from uncatalysed hydroborations are often air sensitive and hard to purify , precluding their isolation. Transition metal catalysts allow the synthesis of air-stable, easy to handle alkylboronate esters, which can streamline further reactivity studies. Moreover, transition metals have the ability to exert control on chemoselectivity , regioselectivity and enantioselectivity , which can enable new opportunities for fine chemical synthesis.
making mention of precious metal catalysts only for contextual purposes.
Alkene hydroboration with Fe and Co. Despite the similarities between alkene hydroboration and hydrosilylation, the former has lagged behind the latter in regard to implementing first-row transition metal catalysts, perhaps owing to the more pressing economic motivations for replacing precious metals in the latter higher-volume application. Nevertheless, earth-abundant metal-catalysed alkene hydroborations are known, a notable early example of which is the selective 1,4-hydroboration of 1,3-dienes with HBpin, a reaction mediated by a catalyst generated from [Fe(2-iminopyridine)Cl 2 ] and the reductant Mg (REF.
105
The reaction is chemoselective but does not proceed for monoalkene substrates, likely owing to poor affinity for the reduced Fe catalyst 105 . Given the activity of (PDI)Fe and (terpy)Fe catalysts in alkene hydrogenation 106 and hydrosilylation 48, 65 , it is unsurprising that these classes of catalyst are also useful for hydroboration. Indeed, the in situ activation of (PDI)Fe dihalide complexes, a procedure initially developed for [2 + 2] alkene cycloaddition 51 , enabled the hydroboration of terminal alkenes 107 . A variety of Fe complexes bearing terdentate ligands were tested, with the 6-di(tert-butyl)phosphinomethyl-2,2′-bipyridine ligand being the most effective 108 . The Co derivative {[6-di(tert-butyl)phosphinomethyl-2,2′-bipyridine] CoCl 2 }, on reduction with NaBHEt 3 , operates on the same alkenes with even greater activity 109 . At their time of discovery, the Fe and Co phosphine catalysts described above were superior to the then , vinyl arenes [97] [98] [99] and acyclic 1,2-disubstituted alkenes 97, 101, 102 . Bd,e | Directed hydroboration of cyclic monosubstituted cyclohexenes furnished the 1,3-anti-isomer or the 1,3-syn-isomer 95 . Bf | The directed hydroboration of acyclic internal alkenes proceeded to give a racemate or an enantiopure product 95 . Ca | The (E)-selective hydroboration of terminal alkynes occurs through a syn-hydrometallation mechanism 123 . Cb | The (Z)-selective hydroboration of terminal alkynes occurs through boryl insertion into a metal vinylidene 125 . DG, directing group.
state-of-the-art Rh and Ir catalysts for the hydroboration of 1-alkenes. However, in contrast to their precious metal counterparts, these early generation, in-situ-activated first-row metal catalysts were inactive with internal alkenes. Contemporary with these reports, our laboratory described that ( Ar PDI)Fe(N 2 ) 2 (Ar = 2,6-i Pr 2 -C 6 H 3 ; 2,4,6-Me 3 -C 6 H 2 ) served as singlecomponent precatalysts for alkene hydroboration with HBpin 110 . The well-defined Fe catalysts proved superior to in situ activation methods, as internal alkenes such as 4-octene underwent facile hydrofunctionalization. The isolated Fe dinitrogen compounds enabled the exclusive formation of the terminal product, 1-octylboronate ester, from the hydroboration of 4-octene with HBpin 110 . Such isomerization-hydroboration reactivity with 4-octene had previously been the domain solely of precious metal catalysts 97, 101, 102 but has now also been reproduced with more first-row metal catalysts such as (N-phosphinamidato)Co species 111 , an alkylated amide-derived N,N,N-Fe(II) complex 112 and [(NHC)Fe(CO) 4 ] (NHC = N-heterocyclic carbene) complexes 113 . Cyclic alkenes, such as cyclohexene and cyclooctene, were also efficiently hydroborated with (PDI)Fe dinitrogen complexes to furnish secondary alkylboronate esters. However, the (PDI)Fe precatalysts, perhaps owing to their steric bulk, have proved ineffective for the hydroboration of trisubstituted and tetrasubstituted alkenes.
Despite the success of [( Ar PDI)Fe(N 2 ) 2 ] precatalysts in the hydrosilylation of terminal and internal alkenes, the complexes have yet to find practical use owing to air sensitivity and challenging syntheses. The analogous Co methyls [( Ar PDI)Co(CH 3 )] have proved more straightforward to prepare 60 and are available with a wider variety of ligands than are the corresponding Fe compounds 114 . The second-generation 4-(N-pyrrolidinyl)-2,6-diiminopyridine derivative 11 (FiG. 9A) promoted the isomerization-hydroboration of hindered, essentially unactivated trisubstituted and tetrasubstituted alkenes 114 . Even though this Co complex contains the same aryl substituents as the [( Ar PDI)Fe(N 2 ) 2 ] complexes described above, the electron-donating N-pyrrolidinyl group likely makes the Co-H intermediate more hydridic than the parent Co complex. When 11 operates on challenging and hindered trisubstituted and tetrasubstituted alkene substrates, the turnover-limiting step is likely alkene insertion, the barrier to which is lowered by the presence of the electron-donating group. The success of 11 exemplifies the greater number of ligands that can be installed onto Co relative to Fe.
Exclusive formation of the terminally functionalized alkyl boronate ester as the product provides a convenient method for the hydrofunctionalization of remote positions independent of the position of the starting C=C bond 114 (FiG. 9Ba) . This reactivity is unknown with precious metal hydroboration catalysts and highlights the new reactivity enabled by first-row transition metals. Not only are these Co catalysts highly active for isomerization-hydroboration but they are also chemoselective in that they are tolerant to esters (FiG. 9Bb) . Deuterium labelling experiments and stoichiometric reactions using the Co precatalyst support a mechanism in which an alkene reversibly inserts into a Co-H bond to give a secondary alkyl intermediate. Chain walking occurs through a β-H elimination step, and the two steps can be repeated to furnish a primary alkyl intermediate, which is intercepted by HBpin to yield a terminal alkylboronate ester 114 . Using the deuterated substrate DBpin leads to H/D scrambling throughout the alkyl chain, consistent with the proposed reversible insertion and β-H elimination sequence. Interception of Co secondary alkyl intermediates with HBpin, either by σ-bond metathesis or oxidative addition followed by reductive elimination, is kinetically unfavourable. Indeed, it is only when Co migrates to a terminal position on the alkyl chain that C-B bond formation occurs 114 . Alkene isomerization is likely to be the turnover-limiting step in the case of internal alkenes such as 4-octene, consistent with the relatively poor performance of (PDI)Co catalysts towards cyclic alkenes such as cyclohexene and cyclooctene. When considering substrate scope, most would consider olefins of this type trivial compared with more hindered trisubstituted and tetrasubstituted alkenes. The reticence of pyridine(diimine)Co catalysts to form secondary C-B bonds, likely due to the presence of the large aryl substituents, is the origin of this effect. It is important to note, however, that the [( Ar PDI) Fe(N 2 ) 2 ] compounds, which contain the same large aryl substituents, can effectively catalyse the hydroboration of these cyclic internal olefins, presumably owing to the decreased steric penalty in the interception of Fe-secondary alkyl intermediates by HBpin by virtue of the larger atomic radius of Fe than Co. This alkene isomerization-functionalization strategy has been applied in the conversion of internal alkenes into linear α-olefins (LAOs) 115 , which find use as high-value chemical intermediates in the petrochemical industry 116 . Indeed, chain-walking isomerization-hydroalumination mediated by Co complex 7 afforded terminally functionalized products, the thermolysis of which gives LAOs 115 . The efficiency with which 11 effects hydroboration of hindered trisubstituted and tetrasubstituted alkenes comes only when the reactions are conducted in neat substrate and at elevated temperatures 114 . The steric bulk of these alkenes prompted testing of α-diimine-containing precatalysts, which, by virtue of reduced denticity, may provide a more open metal coordination sphere. As anticipated, [( dipp DI)Co(η 3 -allyl)] (12) was more active than 11 for challenging trisubstituted, tetrasubstituted and geminally substituted alkenes 117 (FiG. 9Ba) . However, hydroboration with precatalyst 12 was sluggish when styrenes and dienes such as limonene were used, an observation attributed to the formation of inactive [( dipp DI) Co(η 6 -arene)] and [( dipp DI)Co(η 3 -allyl)] complexes, respectively. Although precatalysts offering vacant coordination sites readily coordinate alkene substrates, they can also more readily undergo deactivation processes, an important consideration for future catalyst design.
Complementary synthetic and catalytic methods are desirable because they enable access, through catalyst control, to different products from the same starting materials. To achieve this objective, Co complexes were sought that would chain walk in the 'opposite' direction, namely, from the terminus of an alkyl chain to internal positions. For example, [(Ph 3 P) 3 CoH(N 2 )] (13) 118 is a known alkene isomerization catalyst, and it is of interest to combine this activity with C-B bond formation. Mixing a terminal alkene with 13 promotes isomerization to the thermodynamically preferred internal isomers. The subsequent addition of HBpin affords benzyl boronate esters from alkenyl arenes with up to ten methylene groups between the alkene and the arene 68 ( FiG. 9Bc) . This method also proved successful for the synthesis of 1,1-diboronate esters from α,β-dienes 114, 117 . Bc | Accessing branched selectivity in activated substrates through controlled thermodynamic alkene isomerization followed by hydroboration 68 . C | Synthesis of homobenzyltriboronate esters via double dehydrogenative borylation followed by hydroboration 140 . Da,b | Enantioselective hydroboration of activated 1-substituted vinylarenes 141, 142 and unactivated 1,1-disubstituted alkenes 150 . Ea,b | Enantioselective hydroboration and cyclization of 1,6-enynes 149 .
terminal alkynes into (E)-vinylboronate esters 103, [119] [120] [121] [122] , perhaps because of the prevalence of metal hydrides and the facile nature of alkyne hydrometallation 123 ( FiG. 8Ca) . By contrast, methods to synthesize the isomeric (Z)-vinylboronate esters are relatively scarce and usually involve multistep routes that are often difficult to control because of competing isomerization to the thermodynamically preferred (E)-isomer 124 . Two precious metal catalysts have been reported to promote the (Z)-selective hydroboration of terminal alkynes. Rh and Ir phosphine precatalysts mediate (Z)-selective hydroboration, with the selectivity being greater when HBcat (and NEt 3 ) is used in place of the more commonly used HBpin reagent 125 . The Bcatfunctionalized product can then be treated with pinacol in a separate diol exchange step to give the more airstable and SiO 2 -stable (Z)-vinylpinacolboronate esters. A later report described the use of [Ru(PNP)(H) 2 (H 2 )] at −15 °C for the (Z)-selective hydroboration of terminal alkynes with HBpin 126 . In both cases, the intermediacy of metal vinylidine species 127 was proposed to account for the observed (Z)-selectivity (FiG. 8Cb) . Many additional regioselectivity and stereoselectivity patterns are possible for the addition of HBR 2 and R 2 BBR 2 species to C≡C bonds. Many of these patterns have thus far been inaccessible using known precious metals. Given the synthetic value of vinylboronate building blocks, there is a tremendous opportunity for first-row transition metal catalysis to involve more than just developing systems that are economically and environmentally superior to precious metals. Indeed, new catalysts may allow access to unique structural motifs.
The Cy-substituted complex [( Cy APDI)Co(CH 3 )] (FiG. 9A, 16) promoted the (Z)-selective hydroboration of 1-alkynes using HBpin 128 (FiG. 10) . When present at 3 mol%, precatalyst 16 mediated the formation of valuable (Z)-vinylboronate esters in high yields and stereoselectivities (FiG. 10Aa) . The Co catalyst proved tolerant to a range of functional groups, including protected propargyl ethers, propargyl and phthalamide. This protocol obviates the need for diol exchange 125 and low temperatures 126 reportedly needed for the corresponding Rh and Ru catalysts, respectively, to achieve high (Z)-selectivity. Deuterium labelling experiments using both deuterated alkyne and DBpin, as well as stoichiometric experiments with the precatalyst and isolated intermediates, indicate that the M-vinylidene pathway proposed for precious metal catalysts is not operative here. Instead, the data for the Co-catalysed process are consistent with 16 Thus, in contrast to the several products formed when a chain-walking mechanism is operative for alkene hydroboration (FiG. 11a) , the present mechanism for alkyne hydroboration, in principle, allows one to obtain a single product (FiG. 11b) . The observed (Z)-selectivity is proposed to occur through stereodefined syn-hydrometallation of the alkynylboronate -a mechanism distinct from those mediated by precious metal catalysts 128 . The sensitivity of alkyne hydroboration to the steric profile of the catalyst is manifested in the divergent selectivity observed with catalyst variants. When terminal alkyne hydroboration is performed with the aryl-substituted PDI complex [( dipp PDI)Co(CH 3 )] (FiG. 9A, 17 16 reacts faster with terminal alkynes, such that the Co-H intermediate and the pathway to the (E)-isomer are avoided. Such a mechanism is consistent with data for the hydroboration of 1-octyne with DBpin, which indicate that precatalysts 16 and 17 mediate 1,1-addition and 1,2-addition of DBpin, respectively, to the alkyne. The origin of the difference in relative rates is currently not understood but is likely related to the different coordination geometries of the complexes. The large aryl groups in 17 force Co to be planar, while the Cy groups are bent below the idealized plane of the Cy APDI ligand in 16, such that Co adopts a distorted, pseudo-tetrahedral geometry. The more inductively electron-donating Cy groups also make 16 slightly more electron-rich than 17. Delineating the role of these effects on catalytic performance and selectivity is an area for future study. In related work, (Z)-selective terminal alkyne hydroboration was also observed when using precatalysts of the form [(PNP-pincer)Fe(H) 2 (H 2 )] 129 . Vinylidene intermediates were proposed to account for the (Z)-selectivity, although evidence for these putative species is lacking.
Returning to the catalytic cycle depicted in FiG. 11b , both the H and Bpin components of the starting material are transferred to the terminal C atom of the alkyne, suggesting that other classes of terminal alkyne 1,1-difunctionalization reactions are possible. Indeed, 16 is an effective precatalyst for the 1,1-diboration of alkynes with B 2 pin 2 to yield 1,1-diboryl alkenes 130 ( FiG. 10Ab) . Unsymmetrical diboron reagents, such as pinBBdan (dan = naphthalene-1,8-diaminyl), were also effective and yielded stereochemically pure, unsymmetric 1,1-vinyldiboronates. Such products are useful precursors to stereodefined trisubstituted alkenes, whose synthesis is an important fundamental problem in organic synthesis. The present 1,1-difunctionalization method was ultimately applied to the synthesis of tiagabine, an epilepsy medication 130 . Overall, these examples show that the new mechanisms available to base metal catalysts provide not only more robust reaction conditions and mechanistic insight but also a blueprint for the design and development of new catalytic reactions. The diversity of these new reactions will benefit from adopting ligands distinct from the symmetric PDI and DI systems that have dominated much of our discussion here. The reactivities of selected first-row transition metal complexes of these ligands are now described. Achiral alkene hydroboration. Although many initial first-row transition metal catalysts for alkene hydroboration featured PDI ligands, subsequent precatalysts featured a diverse array of ligands, including phosphine-iminopyridines 131 , β-diketiminates 132 , alkoxy-tethered NHCs 133 (Fe), CCC-donor NHCcontaining pincers 134, 135 and bipyridine-linked metalorganic frameworks 136 (Co), phosphine-NHCs (Ni) 137 , 2,2′:6′,2′′-terpyridines (Mn) 138 and tris(benzimidazolyl) methanes (Mg) 139 . Although no new reactivity patterns were disclosed with these examples, they nonetheless exemplify the applicability of different base metals and diverse ligand architectures available for alkene hydroboration. New reactivity could, however, be found when [(6-dialkylphosphinomethyl-2,2′-bipyridine) CoCl 2 ] complexes, initially designed for alkene hydroboration 109 , were interacted with vinylarenes. Such substrates, when present with B 2 pin 2 , undergo two ).
www.nature.com/natrevchem sequential dehydrogenative borylations followed by hydroboration of the resulting 1,1-diboryl vinylarene with HBpin generated in situ. The resulting 1,1,1-triboronates selectively form through a unique pathway 140 (FiG. 9C) , exemplifying the unique reactivity of base metal catalysts.
Enantioselective alkene hydroboration. So far, the selectivity of alkene hydroboration in terms of regioselectivity, in particular with respect to terminal and internal functionalization, has been discussed. Enantioselectivity represents the next level of control and has been observed in recent studies of [Co(IPO)(CH 3 )]-catalysed (15, where IPO is a chiral iminopyridine-oxazoline ligand) hydroboration 141, 142 of notoriously challenging 1,1-disubstituted aryl alkenes 143 (FiG. 9Da) . The reported enantioselectivities exceed those previously obtained with Ir (REF. 144 ).
The C 1 symmetric 145 IPO ligand contains a 2,6-diisopropylphenyl protecting group and a chiral oxazoline fragment. A similar strategy enables the asymmetric hydrogenation of α-substituted styrenes using C 1 symmetric [( dipp PDI)Co(alkyl)] precatalysts 106 , where the bulky 2,6-diisopropylphenyl group prevents the formation of inactive bis(chelate) metal complexes 146, 147 , while the chiral induction comes from an alkylamino group. Another variation on the IPO theme is the imidazoline-iminopyridine ligand, in which the O atom of IPO is replaced by an NPh group. The new derivative enables the enantioselective hydroborationhydrogenation of internal alkynes 148 . The reaction involves the regioselective syn-hydroboration of the alkyne to give a vinylboronate, which further undergoes enantioselective hydrogenation to give enantioenriched chiral secondary organoboronates. Despite the success of these chiral NNN-donor ligands in transferring their chiral information to prochiral alkenes, the multistep nature of the procedures limits the rapid evaluation of new catalyst derivatives. Consider that, when using the (IPO)Co catalysts, one can obtain high enantioselectivities only when activated styrene derivatives are used 141, 142 (FiG. 9Da) . By contrast, Co complexes of chiral diphosphines, previously shown to be effective precatalysts for asymmetric hydrogenations 61 , also effect the enantioselective hydroboration-cyclization of 1,6-enynes with HBpin 149 (FiG. 9Ea,Eb) . Importantly, the chiral diphosphines have also been utilized in the Cu-mediated enantioselective hydroboration of unactivated 1,1-disubstituted alkenes (FiG. 9Db) 
.
Conclusions and outlook in alkene and alkyne hydroboration with earth-abundant transition metals. Over the past 7 years, earth-abundant metal-catalysed alkene hydroboration has attracted considerable attention, and the efforts of those working in this vibrant field of research are evident in the literature. Catalysts with these metals have proved, in some cases, to outperform their precious metal counterparts in terms of activity and selectivity. More importantly, in several cases, the more sustainable catalysts also enable new bond disconnections not otherwise accessible. These findings clearly demonstrate that the control of hydroboration selectivity, far from being a solved problem, still offers many research opportunities. The many new catalysts reported for hydroboration typically feature tridentate ligands bound to a first-row transition metal that is reduced in the isolated catalyst or in situ using an appropriate reductant, such as NaHBEt 3 or a Grignard reagent. Diverse ligand and metal combinations can be viable catalysts for alkene hydroboration.
With a few exceptions, the reports of first-row transition-metal catalyses either describe poor functional-group compatibility or do not give details to what types of substrates are unsuitable for the precatalyst. Because the main applications of alkene hydroboration are in fine chemical synthesis, having exquisite regioselectivity and chemoselectivity in transformations of complex alkenes bearing multiple other functional groups will constitute an important advancement in the field. Chemoselective alkene hydroboration has been observed with terminal alkenes also featuring amine, ester, epoxide, halide and ketone groups, for example 135 . These functional groups become more of a problem when sterically hindered alkenes are used, in which the catalysts are often poisoned. Thus, functional-group tolerance is more often better thought of as selectivity, reflecting the relative rate with which a catalyst reacts on the desired versus the undesired residue in a molecule. In the present context, increasing the reactivity of an alkene (for example, by using a terminal alkene) would increase the tolerance of the reaction to other residues, even though the inherent reactivity of the catalyst towards those groups is unchanged. Accordingly, special care should be taken when interpreting such results.
One of the unsolved problems in alkene hydroboration chemistry is the selective Markovnikov addition of unactivated (non-styrenyl) α-olefins (FiG. 10Ba ). An ingenious solution to this problem involves a formal hydroboration making use of the diboron reagent B 2 pin 2 , with CH 3 OH serving as a H + source [151] [152] [153] . An enantioselective version of this reaction has also been reported 154 . However, exquisite control of regioselectivity in the hydroboration of unsymmetric 1,2-disubstituted alkenes remains a challenge (FiG. 10Bb) . Overcoming this will perhaps need more modular ligand platforms that enable the expedited evaluation of metal-ligand combinations to find a more optimal precatalyst system.
Conclusions
This Review has emphasized the complementary reactivity of earth-abundant metal catalysts and their precious metal counterparts. Despite the large number of experimental reports describing each catalyst class, the mechanistic underpinnings of this divergence in reactivity are yet to be fully understood, particularly with respect to regioselectivity. Such an understanding will allow chemists to leverage the intrinsic differences between these classes of catalysts, which will be beneficial for the invention and development of useful catalytic transformations that extend beyond alkene hydrosilylation and hydroboration.
